The aim of the research was to test the effect of pulsed electromagnetic field (PEMF) on soybean seed germination and yield depending on specific field conditions, years of study, exposure duration and frequency. Field trial was conducted on an experimental field of Institute of Field and Vegetable Crops in Novi Sad, Serbia in 2010-2013. Seeds of the soybean (Glycine hispida (Moench)) medium-early cultivar ʻValjevkaʼ were exposed to the PEMF therapy using the impulse generator and strip. Low-frequency (16, 24, 30 and 72 Hz) PEMF was used in the duration of 0, 30, 60 and 90 minutes. Research results indicate that this method can increase seed germination up to 8.00% and yield by 960.5 kg, or 21% in field conditions, which is a significant increase and a solid basis to introduce this practice, primarily in organic production with a very limited use of seed treatment preparations. However, the practice can have an inhibitory effect under an unfavourable combination of exposure duration and frequency. The obtained data were processed using the analysis of variance of three-factorial trials considering all years of study. Due to different meteorological conditions in the study years, analysis of variance was conducted for each year of study and correlations between the tested traits were examined.
Introduction
Soybean contains about 20% oil, which is susceptible to a deteriorative process due to inadequate grain storage, leading to high losses in the food industry. Depending upon the duration and conditions of storage, physical, chemical and biochemical alterations can occur in the soybeans (Kong et al., 2008) . The major factors affecting the storability of soybeans include ambient relative humidity, seed initial moisture content, temperature and time duration of storage (Kong, Chang, 2009) . Changes associated with seed deterioration are depletion in food reserve, increased enzyme activity, increased fat acidity and membrane permeability. As the catabolic changes continue with increasing age, the ability of the seed to germinate is reduced (Shelar et al., 2008) . The low germination rate has been associated to early signs of membrane disorganization while the occurrence of seedling abnormalities (in the final stages of deterioration) is attributed to the significant death of tissues in different seed parts, particularly in meristematic tissues (Marcos-Filho, 2015) . Seed quality is the basis of efficient crop production and farmers need such seeds for optimum yield production. Crop yield and resource use efficiency depend on successful plant establishment in the field, and it is the vigour of seeds that defines their ability to germinate and establish seedlings rapidly, uniformly and robustly across diverse environmental conditions (Finch-Savage, Bassel, 2016) . Production technology uses different procedures for seed quality increase, aimed at improvements in seed germination and other seed properties. Physical treatments belong to the oldest known seed treatments. Physical methods have mostly been forgotten due to the success of chemical seed treatment products. Physical methods include different lasers, ultraviolet radiation (Hernández Aguilar et al., 2009) , magnetic induction and electromagnetic waves (Abina et al., 2013; Lamanauskas et al., 2016) , etc. In physical treatments, energy induced in cells creates the conditions suitable for molecular transformations, there by supporting the development of special cell substances (Aladjadjiyan, 2007) . Biophysical stimulation of seed and plant is performed through the increase in energetic balance, intensification of substance exchange, and activation of plant growth and yield (Vasilevski, 2003) . Stimulation of electromagnetic pulses acts on structural change of water in the cell, which has a beneficial role on plants. The presence of electromagnetic field stimulates plant growth and development but at the same time, can act and repressive (Dicu, Pirsan, 2014) . Exposure to electric, magnetic and electromagnetic waves showed positive or negative effects in many studies, influencing germination rate, germination percentage, seed weight, plant height, protein content, productivity, leaf surface, fruit weight and yield. Research results depend on the frequency, duration of exposure, seed traits and plant species. Proper combinations are necessary to achieve positive effects (Parsi, 2007) .
The aim of the current research was to test how pulsed electromagnetic field (PEMF) affect germination and yield of soybean seed in field conditions, depending on the year of study, duration of exposure and frequency.
Materials and methods
The plant material is a soybean (Glycine hispida (Moench)) medium early cultivar ʻValjevkaʼ developed at the Institute of Field and Vegetable Crops in Novi Sad, Serbia. The field trials were conducted during four growing seasons (2010, 2011, 2012 and 2013) at Rimski Šančevi experimental field (45°20′ N 19°51′ E) near Novi Sad, Serbia. The trial was set up on humus soil type as a randomized block design with four replications under the conditions of dry farming. Plot size was 10 m 2 .
Inter-row spacing of 50 cm and intra-row spacing of 5 cm was applied. Each year the plots were rotated with wheat (Triticum aestivum L.). Standard agricultural practices were conducted. Nitrogen (N) fertilizer was applied in two rates: 30 kg ha -1 (NPK 15:15:15, 200 kg ha -1 ) before sowing and 34 kg ha -1 (ammonium nitrate, N 34%) before seedbed preparation (early April). There were no significant disease and insect attacks.
The seed was exposed to pulsed electromagnetic field (PEMF) using the impulse generator and strip. Lowfrequency (16, 24, 30 and 72 Hz) PEMF in the duration of 0, 30, 60 and 90 minutes were used. Immediately after exposure of the seed to PEMF, sowing was carried out at optimum time. After sprouting, seedlings were counted to determine the percentage of germinated seeds. Standard soybean cultivation practices were applied during vegetation. Harvesting was performed at the technological maturity stage, samples and moisture were measured with combine harvester for experimental plots with a small work operation (Wintersteiger elite) and yield was adjusted to 14% moisture. The analysis of results included meteorological data in the years of study.
Weather conditions. There was 684.4 mm of rainfall during vegetation in 2010, twice higher compared to the multi-annual average of 371.6 mm. The average temperature of 18.43°C was slightly higher compared to the 46-year average of 18.01°C. There was only 210 mm of rainfall during vegetation in 2011, or lower by 161.1 mm compared to the 40-year average, while the average temperature was 1.41°C higher. The temperature in 2012 was significantly higher compared to the multiannual average, increased by 3.07°C in June, 3.7°C in July, 3.4°C in August and 2.97°C in September. There was a distinct lack of rainfall in June, July, August and September 2012, amounting to 226 mm of rainfall during vegetation. 448.2 mm of rainfall was recorded during vegetation in 2013, which was 76.6 mm higher than the average. The temperature was 0.66°C higher compared to the multi-annual average (Figs. 1 and 2) . The obtained results were processed by the analysis of variance (ANOVA) for three-factorial trials in all years of study. Means were compared using Tuckey's multiple range test. Also determined were the correlations between the traits tested. All analyses were performed in STATISTICA 10.
Results and discussion
The effect of pulsed electromagnetic field (PEMF) on soybean seed germination. The effect of PEMF on soybean seed germination depended on the year (A), duration of exposure (B) and frequency (C), and year-by-duration of exposure interaction (A × B), year-by-frequency interaction (A × C) and exposure interaction-by-frequency interaction (B × C) ( Table 1) . The main indicators of good seed quality are germination and vigour (Radzevičius et al., 2013) . The number of plants per surface unit in field conditions is one of the major yield components (Liu et al., 2010) . Seed marks the beginning of each plant production and therefore ensuring its quality is the priority of modern seed science and a prerequisite for obtaining high yields of all plant species (Milošević et al., 2010) . Explicit seed treatments before sowing can improve germination in field conditions (Miladinov et al., 2014) .
Application of a suitable pre-sowing treatment is therefore necessary in order to reduce sowing risks under field conditions, especially under low moisture conditions, as well as secure the optimum planting density and obtain high yields. One of the pre-sowing treatments in use is PEMF. Research results show that the application of this method increases seed germination in field conditions up to 8.00%.
The best effect was achieved in 2013, with a germination increase by 3.09%. In average this presowing treatment gave higher seed germination by 1.20% in 2013 compared to 2010. In 2011 and 2012, there was an increase in quality by 2.67% and 2.13%, respectively.
The average best duration of exposure was 60 minutes considering all years of study and all frequencies. Germination increased by 3.89% compared to untreated seed. A positive effect was also achieved using shorter exposure time. The increase in quality was 3.75%, which is higher by 1.75%, i.e. 1.51% compared to efficiency of 90-minute exposure time. The lowest frequency of 16 Hz had the most positive effects with the improvement of 3.33%. Increased frequency caused lower effects, i.e. 72 Hz frequency resulted in 1.26% improvement, or 2.07% less compared to the best effect. There was no significant difference between the 24 Hz and 30 Hz frequency, and the quality increased by 2.61% and 2.58%, respectively. Ortiz et al. (2015) determined a positive effect of PEMF on maize seed germination, seedling growth, fresh mass accumulation and dry matter content, chlorophyll a and b content, and total chlorophyll. They defined the application of electromagnetic waves as a breakthrough in the improvement of seed vigour, seedling growth and reduced time of seed dormancy (Ortiz et al., 2015) . Furthermore, PEMF have been found to promote germination and improve early growth characteristics of oregano seedlings (Bilalis et al., 2012 b) . Treatments applied on pea seed led to increase in germination by 2.6%, seedling length by 5.5% and root by 18.6%, as well as increase in plant mass by 6.9% compared to the control (Palov et al., 2013) . Seed germination increase can come as a result of more intensive germination due to higher nutrient intake and better water absorption during electromagnetic wave treatment (Moon, Chung, 2000) . Besides the favourable effect on seed germination, some authors detected a positive effect on seed yield. The effect of the treatment depends on the year, exposure duration and frequency, which is in accordance with the results of Radzevičius et al. (2013) who also included hybrid type and geomagnetic conditions as prerequisites for the success of this presowing treatment. However, significant differences occurred in analysis of the correlation between the year of study and exposure time. In 2012, 60-minute exposure time improved germination by 4.25%, while in all other years of study the best result was achieved using 30-minute exposure time. The increase percentage ranged between 3.06% and 4.94%. Regarding the correlation between frequency and year of study, the best effects were obtained using the 16 Hz frequency in the three years of study, while slightly higher effects were obtained in 2011 using the 24 Hz frequency. The increase ranged from 2.75% to 4.56% when the lowest PEMF frequency was used for seed treatment. Direct correlation was observed between exposure time and frequency. Exposure time of 30-minute at the 24 Hz frequency provided an increase in soybean seed quality by 6.44%. Exposure time of 60-minute at 72 Hz frequency improved soybean seed germination by 6.50%. The longest exposure time gave the best results with 3.81% increase at the lowest frequency. Regarding the analysis of each year of study, the highest effect was obtained using the 72 Hz frequency in 2010, increasing germination by 5.75%. Both longer and shorter exposure time negatively affected quality. In 2011, all combinations had a positive effect except the frequency of 72 Hz during the 30-minute exposure time. The highest increase of 7.5% was observed in that particular year. The frequency of 72 Hz during 30-minute exposure time in 2012 led to the decrease in quality by 3.5%, which was the highest recorded effect. The frequency of 72 Hz applied in the duration of 60-minutes resulted in 7.25% increase in 2012, while the use of 16 Hz frequency during 30-minute increased the quality by 8% in 2013. Linear regression was applied in order to test the effects of exposure time and frequency on soybean seed germination in field conditions, across all years of study. Considering all years of study, the strongest linear correlation was observed at the frequency of 16 Hz, meaning that the increase in exposure time at this frequency had desired effects on soybean seed germination. The intensity of PEMF is an important factor for success of this presowing treatment. Activating plant growth and germination can be accelerated by using an optimum frequency (Aladjadjiyan, 2007) . The results of Macovei et al. (2014) showed that different frequencies can have a stimulating or an inhibitory effect. The research indicates that a wave length can positively influence sprouting and root length of one hybrid, whereas it can have repressive effects on another hybrid (Dicu, Pirsan, 2014) .
The coefficient frequency ranged between 0.46 and 0.71 depending on the year (Figs. 3-6 ). There was no correlation between the frequency of 24 Hz and exposure time in any of the study years. Strong linear Besides PEMF intensity, exposure duration can also have significant effects. Suitable combination between exposure duration and frequency is needed in order to obtain the desired results. Specific traits of the treated plant species should also be taken into account. According to the study, soybean seed germination was most positively affected by frequency of 16 Hz with exposure time of 30 minutes.
The effect of PEMF on soybean seed yield. Yield increased by 960.5 kg, i.e. 21% using PEMF frequency 16 Hz and 30-minute exposure, which is a significant increase and a solid basis to introduce this pre-sowing treatment, primarily in organic production where the application of seed treatment preparations is highly limited. Besides the positive effects on yield, Bilalis et al. (2012 a) determined a positive effect of this treatment on chlorophyll content, leaf area, plant fresh and dry weight, and finally yield in maize. The effect of PEMF on soybean seed yield depended on the year of study, exposure duration and frequency. The best effect was obtained in 2010, with increased yield up to 191.17 kg, i.e. 139.44 kg more than in 2011. In 2013 and 2012, seed treatment using PEMF led to a yield increase of 382.2 kg, i.e. 443.7 kg (Table 2) . On average, the best exposure duration was 60-minutes considering all years of study and frequencies. Yield increased by 239.49 kg compared to untreated seed. Shorter exposure time also gave positive results. Exposure of soybean seed to PEMF during 30-minute exposure resulted in yield increase of 148.42 kg. The lowest effect was obtained in the longest exposure time, with the increase of 89.07 or 150.42 kg lower compared to the best treatment. The best effect on yield was obtained by the use of PEMF at 24 Hz frequency, resulting in yield increase of 239.91 kg. That pretreatment of PEMF plays important roles in improvement of crop productivity of soybean through the enhancement of protein, mineral accumulation and enzyme activities, which leads to increase yield (Radhakrishnan, Kumari, 2012) . Seed treatment with lower frequencies resulted in yield increase of 199.82 kg. Higher frequencies caused the opposite effect of this presowing treatment, thereby increasing the yield by 34.3 kg at the 30 Hz frequency. Analysis of the effect of frequency across the years of study revealed that the best effect was obtained by using PEMF at the frequency of 24 Hz in all years of study. The increase in 2010 was 378.01 kg, which was 211.32 kg higher than in 2011. In 2012 and 2013, the yield increased by 191.8 and 223.7 kg. Analysis of correlation between the effect of exposure time and the frequency revealed the dependence of the effect of frequency on exposure time. Exposure time of 30-minute at 16 Hz resulted in yield increase of 564.75 kg. Exposure time of 60-minute at all frequencies resulted in the highest yield increase, ranging between 204.19 and 450.94 kg. Analysis of each year of study showed that the best effect on yield was obtained using the frequency of 16 Hz and exposure time of 30 minutes in all the years of study, resulting in yield increase of 382.2 to 960.5 kg. Parsi (2007) concluded that these treatments are used to obtain organic products, increase morphological traits and yield, and get better quality of the product, while the results depend on seed traits, plant species, frequency, and exposure time. Research results show the larger effect of this treatment in the years with higher rainfall during vegetation. However, significant increase in germination and yield was obtained under lower moisture level.
The highest linear correlation was determined when frequency of 24 Hz was used, for all years of study, which means that favourable effects on yield are obtained by increase in the duration of soybean seed exposure under the given frequency. Correlation coefficient ranged between 0.86 and 0.96, i.e. the increase in exposure at this frequency significantly increased yield (Figs. 7-10) . In 2010, the lowest correlation coefficient was observed compared to all the study years (r 2 = 0.86) while the longest exposure caused negative correlation (r 2 = −0.28). In 2011, the frequency of 72 Hz gave significant satisfying results. Correlation coefficient was 0.91. The highest linear correlation was observed in 2012 (r 2 = 0.96). This is in accordance with the results of Parsi (2007) , outlining that, besides seed traits, the effect on yield and quality depends on plant species, exposure time and frequency. Magnetic and electromagnetic treatments are being used in agriculture, as a noninvasive technique, to improve the germination of seeds and increase crops and yields (Martínez et al., 2009) . The biological and molecular mechanisms underlying the beneficial effects of radiation are still debated but several clues have already been proposed. Several authors pointed at reactive oxygen species (ROS) produced in the seed as key regulators of the response to γ-rays, since they act as signalling molecules, triggering and amplifying stress and antioxidant responses. Consequently, irradiated plants could easily overcome daily stress factors, such as fluctuations in the light intensity, temperature variations and water loss during growth (Qi et al., 2015) .
Conclusions
1. Application of pulsed electromagnetic field (PEMF) increased soybean seeds germination in field conditions up to 8.00% using PEMF frequency 16 Hz and 30-minute exposure in 2013 and resulted in yield of 960.5 kg, i.e. 21% using PEMF frequency 16 Hz and 30-minute exposure in 2010, which is a significant increase and a solid basis for introducing this practice, primarily in organic production where with stimulation of seeds is highly limited.
2. On the other hand, this practice can have an inhibitory effect in case a suitable combination of exposure time and frequency is not used. Attention must be placed on the traits of treatment plants.
3. Significant effect of specific study years was also observed. The better results were obtained under more favourable agroecological conditions or in years with rainfall above average.
